We demonstrate a record-high electro-optic coefficient of r 33 = 359 pm/V in a silicon-organic hybrid (SOH) modulator using the electro-optic chromophore JRD1. The π-voltage-length product amounts to U π L = 320 Vµm, enabling error-free 25 Gbit/s signaling at drive voltages of 180 mV pp .
Introduction
The silicon-organic hybrid (SOH) integration concept combines silicon photonic waveguide structures with organic electro-optic (EO) cladding materials, thereby leveraging both the benefits of large-scale standardized CMOS processing and the wealth of optical properties obtained by theory-guided molecular design of organic chromophores [1] . Over the last years, SOH EO modulators have been demonstrated to feature record performance parameters with respect to efficiency [2, 3] , bandwidth [4] and achievable data rates [5, 6] , also at elevated temperatures of 80 °C [7] . This progress was enabled by continuous improvements of the underlying EO materials, in particular with respect to the achievable in-device EO coefficient r 33 . The highest value demonstrated so far amounts to r 33 = 230 pm/V, achieved for the binary-chromophore organic glass system PSLD41/YLD124 [3] . Here we demonstrate that even higher EO coefficients can be achieved by theory-guided optimization of both molecular hyperpolarizability and poling efficiency. We use the EO chromophore JRD1 [8] , which relies on the same chromophore core as the previously used YLD124, complemented by functional side groups that allow efficient alignment even at high number densities without a polymer host. When deposited onto a slot-waveguide SOH modulator, this material shows an in-device EO coefficient of r 33 = 359 pm/V. This is the highest in-device EO coefficient ever demonstrated for any material system. The EO modulator features a π-voltage-length product of U π L = 320 Vµm -the smallest value ever demonstrated for a non-resonant device based on low-loss dielectric waveguides. We demonstrate the viability of the device by generating error-free on-off-keying (OOK) signals at a data rate of 25 Gbit/s with peak-to-peak drive voltages of only 180 mV pp . This is the lowest drive voltage for errorfree OOK signaling at 25 Gbit/s reported so far.
Device fabrication and characterization
The concept of the SOH Mach-Zehnder Modulator (MZM) is shown in Fig. 1a) . The underlying silicon photonic base structure was fabricated on standard silicon-on-insulator (SOI) wafers in a commercial silicon (Si) foundry using 248 nm deep-UV (DUV) lithography process. Each arm comprises a slot waveguide consisting of two 240 nm-wide and 220 nm-high Si rails that are separated by a 160 nm-wide slot. The Si rails are electrically connected to an aluminum (Al) coplanar ground-signal-ground (GSG) transmission line by 70 nm-high doped Si slabs and Al vias. In a post-processing step, the slots are homogeneously filled by locally dispensing the organic EO material JRD1, whose chemical structure is depicted in Fig.1b) . Both optical and RF field are highly confined in the slot, leading to a strong overlap which enables efficient EO modulation. Right after deposition, the EO material lacks a macroscopic EO effect since chromophores are randomly oriented, see Fig.1c) . A macroscopic EO effect is only achieved upon electric-field poling. To this end, a DC poling voltage U pol is applied across the floating ground electrodes, inducing an electric poling field (green arrows) inside the narrow slots. U pol is applied at the elevated temperature such that the chromophores can align in an acentric orientation, which is maintained once the device has cooled down to room temperature, see Fig.1d ). The device enables simple push-pull-operation: An RF signal applied to the MZM induces a field in the slots (red arrows) that is parallel to the orientation of the EO dipoles (green arrows) in the right and antiparallel in the other arm of the MZM. The schematic of the setup used for the static U π characterization of the SOH MZM is depicted in Fig.1e) . A low-frequency triangular waveform obtained from a function generator (FG) is applied to the signal electrode of the 1.5 mm-long MZM, while an optical CW signal at approximately 1550 nm is coupled to the device by an external-cavity laser (ECL). The modulated optical signal is detected by a low-speed photo diode (PD) and recorded by an oscilloscope, Fig.1f) . The π-voltage can be directly read out and amounts to U π = 213 mV, corresponding to a U π L of 320 Vµm. This is the lowest value ever reported for EO modulators based on low-loss dielectric waveguides. With the refractive index of JRD1, n EO = 1.81, the measured value of U π L can be linked to an in-device EO coefficient of r 33 = 359 pm/V [1] . To the best of our knowledge, this is the highest in-device material-related EO coefficient ever obtained for any material system.
Data transmission experiment
We further demonstrate the viability of the SOH MZM for high-speed data transmission. The experimental setup is shown in Fig.1e) . A pseudo random bit sequence is obtained from a pulse pattern generator (PPG) and fed to the device by a microwave probe. The MZM is biased at its quadrature point and terminated by an external 50 Ω impedance. The fiber-to-fiber insertion loss amount to 18 dB and is caused by non-ideal grating couplers, lossy strip-toslot converters, and Si slot waveguide losses. An erbium-doped fiber amplifier (EDFA) compensates for these losses, and a 0.6 nm band pass filter suppresses the amplified spontaneous emission noise of the EDFA before the optical signal is fed to a high-speed PD. The PD is connected to a sampling oscilloscope generating the eye diagram. Fig.1g) shows the eye diagram obtained for a drive voltage of 180 mV pp , measured from the centers of gravity of the upper and lower rail of the electrical eye at a data rate of 25 Gbit/s. We measure a Q² factor of 17.3 dB and estimate a bit error ratio (BER) of 1.3  10 -13 , which is well below the 10 -9 threshold for error-free transmission.
Summary
We demonstrate an SOH MZM with record-high in-device nonlinearity of r 33 = 359 pm/V. We show error-free transmission of an OOK signal at a data rate of 25 Gbit/s with record-low drive voltage of 180 mV pp . These results pave the way towards ultra-efficient EO modulators that can be directly driven from sub-1V CMOS electronics [9] .
